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I.  INTRODUCTION 


The  overall  goal  of  this  collaboration  between  the  Naval  Postgraduate 
School  and  the  University  of  Maryland  is  scientific  contributions  to  the 
development  of  a  MW-class  free  electron  laser  (FEL)  for  naval  applications. 
During  the  8  years  that  we  worked  on  this  project,  we  published  19  papers  on  our 
research  results,  our  students  produced  21  Master  of  Science  in  Physics  theses 
and  2  Physics  Ph.D.  dissertations,  and  we  gave  26  presentations  at  11 
international  conferences  and  symposia. 

Over  the  course  of  this  project,  we  simulated  various  existing  free  electron 
lasers  (FELs),  including  the  Jefferson  Lab  (JLab)  lOkW  oscillator  FEL  and  the 
Brookhaven  amplifier  FEL.  We  made  predictions  and  comparisons  to 
experimental  results,  with  good  agreement  in  each  case.  We  developed  designs 
for  high-power  FELs,  including  100  kW  and  MW-level  amplifiers  and  oscillators. 
We  found  feasible  sets  of  parameters  for  these  designs,  which  formed  the  basis 
for  the  recently  approved  Innovative  Naval  Prototype  (INP).  We  did  system 
analysis  studies  of  ship-based  FEL  weapons,  including  power  requirements  and 
integration  with  other  weapon  systems  such  as  railguns. 

An  important  aspect  of  our  research  has  been  the  design  of  short- 
Rayleigh  length  (SRL)  optical  cavities  for  high-power  FEL  oscillators,  to  reduce 
the  optical  intensity  on  the  cavity  mirrors.  At  the  outset  of  this  project,  we 
predicted  that,  contrary  to  conventional  wisdom  in  the  FEL  community,  the  weak- 
field  gain  and  steady-state  power  should  not  fall  off  significantly  for  extremely 
short  Rayleigh  lengths.  These  predictions  were  recently  confirmed  by 
experiments  at  JLab. 

A  major  concern  for  SRL  cavities  is  the  stability  of  the  optical  mode,  and 
sensitivity  to  tilts  and  shifts  of  the  mirrors  and  electron  beam.  Simple  cold-cavity 
theory  predicts  that  an  SRL  FEL  could  be  highly  sensitive  to  such  misalignments, 
but  our  simulations  have  shown  that  the  gain  medium,  the  electron  beam,  tends 
to  stabilize  the  optical  mode,  significantly  reducing  the  system  sensitivity  to 
misalignments.  These  results  were  also  confirmed  by  experiments  at  JLab.  We 
have  used  our  simulations  to  establish  tolerances  for  tilts  and  shifts  of  the  mirrors 
and  electron  beam  for  various  high-power  FEL  designs.  The  expected 
tolerances  have  been  readily  achieved  in  laboratory  experiments  using  active 
alignment  mechanisms. 

A  laser  weapon  system  on  a  Naval  platform  would  be  subject  to  vibrations 
from  various  sources.  Since  these  vibrations  tend  to  occur  on  acoustic 
timescales  (milliseconds),  whereas  the  interaction  of  the  electron  and  optical 
pulses  occur  on  much  shorter  timescales  (microseconds  to  nanoseconds),  we 
can  simulate  the  effects  of  vibrations  using  static  misalignments.  In  addition  to 
mirror  and  electron  beam  tilts  and  shifts,  we  have  also  considered  the  effects  of 
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misaligned  quadrupole  magnets  along  the  electron  beam  path.  Again  the 
tolerance  limits  that  we  established  are  well  within  the  range  of  what  can  be 
achieved  using  active  alignment. 

Another  issue  that  we  studied  is  the  distortion  of  the  optical  mirrors,  such 
as  astigmatism,  that  can  occur  in  high-power  FELs.  We  simulated  the  effects  of 
these  distortions,  and  compared  the  results  to  JLab  experiments,  with  good 
agreement.  We  also  developed  methods  for  modal  analysis  of  the  optical  beam, 
using  Hermite-Gaussian  and  Laguerre-Gaussian  basis  sets,  which  could  be 
useful  for  optical  transport  calculations  in  designing  FEL  weapon  systems. 

To  accomplish  all  these  tasks,  we  have  made  significant  improvements  in 
our  FEL  simulation  models.  This  includes  the  development  of  new,  parallelized 
3D  and  4D  models  that  run  on  a  cluster  computer,  and  implementation  of  an 
expanding  coordinate  system  to  follow  the  rapid  diffraction  of  the  optical  beam  in 
an  SRL  FEL.  These  new  models  have  been  tested  and  benchmarked  by 
comparison  to  theoretical  formulas,  simpler  ID  and  2D  models,  and  experimental 
results.  We  also  developed  a  ray  analysis  of  SRL  optical  modes,  as  an 
alternative  to  our  wavefront  propagation  models. 

Finally,  it  should  be  emphasized  that  this  research  project  has  contributed 
significantly  to  the  education  of  numerous  U.S.  Navy  officers.  Their  participation 
in  this  project  has  helped  to  teach  them  how  FELs  work,  their  various  features 
and  design  issues,  and  the  potential  advantages  of  incorporating  them  into  naval 
weapon  systems. 

The  remainder  of  this  report  consists  of  one-page  summaries  of  each  of 
the  papers,  presentations,  theses  and  dissertations  that  were  produced  over  the 
course  of  this  project.  At  the  top  of  each  page,  there  is  a  reference  or  a  web  link 
(where  available)  to  obtain  the  complete  article  or  presentation.  Electronic 
copies  of  NPS  theses  and  dissertations  can  be  obtained  from  the  Defense 
Technical  Information  Center,  http://www.dtic.mil.  Proceedings  of  FEL 
conferences  since  2004  can  be  obtained  at  http://www.iacow.org. 
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Simulations  of  the  TJNAF  IGkW  free  electron  laser 

R.D.  McGinnis,  J.  Blau,  W.B.  Colson*,  D.  Massey,  P.P.  Crookcr1, 
A.  Christodoulou,  D.  Lampiris 

Deparimew  of  Physics,  Naval  Postgraduate  School,  Mower  ey,  CA  93943,  USA 


Abstract 

The  TJNAF  Free  Electron  Laser  (FE.L)  will  be  upgraded  to  operate  at  lOkW  average  power  in  the  near  future. 
Multimode  simulations  are  used  to  analyze  the  operation  describing  the  evolution  of  short  optical  pulses  in  the  far 
infrared  wavelength  regime.  In  an  FFL  that  recirculates  the  electron  beam,  performance  can  depend  on  the  electron 
beam  distribution  exiting  the  undulator.  The  effects  of  varying  the  undulator  field  strength  and  Rayleigh  length  of  the 
resonator  are  explored,  as  well  as  the  possibility  of  using  an  optical  klystron.  The  simulations  indicate  that  the  FEL 
output  power  can  reach  the  design  goal  of  10  kW.  ©  2001  Elsevier  Science  B.V.  All  rights  reserved. 

FACS  41.60 Ct 

Keywords:  Free- electron  laser;  Klystron;  Rayleigh  length 
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Fig.  3.  Three  dimensional  simulation  in  x,y,  and  z  over 
many  passes  n ,  for  normalized  Rayleigh  length  z0  =  0.4. 


Normalized  Rayleigh  Length,  z0 

Fig.  4.  Three  dimensional  simulation  results  for  weak-f.eld  gain 
arid  steady- state  power  vs.  zq.  The  optimum  res  or.ar.ee 
parameter  v  is  indicated  at  each  point. 
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Abstract 

Experiments  using  the  TJNAF  FFL  have  explored  the  operation  with  both  tapered  and  inversely  tapered  undulators. 
We  present  here  numerical  simulations  using  the  TJNAF  experimental  parameters r  including  the  effects  of  taper.  Singte- 
mode  simufa  dons  show  the  effect  of  taper  on  gain.  Multimode  Simula  dons  describe  the  evolution  of  short  op  deal  pulses 
in  the  far  infrared,  and  show  how  taper  affects  single -pass  gain  and  steady-state  power  as  a  function  of  desynchronism. 
A  short  optical  pulse  presents  an  ever-changing  field  strength  to  each  section  of  the  electron  pulse  so  that  idealized 
operation  is  not  possible.  Yet,  advantages  for  the  recirculation  of  the  electron  beam  can  be  explored.  ©  2001  Elsevier 
Science  B.V.  All  rights  reserved. 

FACS:  41.60Cr 

Keywords:  Taper;  Inverse  taper;  Free-electror.  laser;  Simulation 


Fig.  1.  FEL  gair.  spectrcm  for  large  tapers,  (a)  $  =  +£n:  (h)  5  =  — £n. 


Fig.  2.  Multimode  simulation  for  j  =  10,  d  =  0.026.  and  d  = 
+8n.  The  various  qu.ar.ti ties  are  explained  in  the  text.  In  this 
case:  the  oscillations  in  jP(ll Jd):  f(%  n\  and  P(tt)  are 

evidence  for  limit-cycle  behavior. 
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SIMULATIONS  OF  THE 
lOOkW  TJNAF  FEL  USING 

ABSTRACT 

A  SHORT  RAYLEIGH 

LENGTH 

■  The  TJNAF  FEL  can  be  upgraded  to  1  OOkW  avg  power 

J.  Blau  T.  Canybell,  W.B  Cohan, 

I.  Ng  ffi.  Ossertfort 

■  Short  Rayleigh  length  can  reduce  mitror  power  density 

Hiysi:  s  Department,Nival  Post^idmte  Sdiool 

Jufonlerey,  CiHonida  33943  USA 

■  Use  multimode  simulations  to  model  FEL  interaction 

SY.  Benson  H.F.  Lfylla  C.R  B&il 

M.D.  Shinn 

■  Explore  effect  of  electron  beam  radius  on  g£in,  efficiency 

He  e  Elec  man  Laser  Deparrmeni. 

Thomas  Jefferson  NaLbnil  Accelerator  Fkciliy 

Newport  News,  Yirgmi  23505  USA 

IDnd  bNrtttbMAl  FEL  CcuTaiac^  rWitcXydi;  CjeitttAdy,  A1131*  TO 1 4,  ICC'I 

Vteak  Field  Gain  us  Electron  Beam  Rad  us  for  Optimum 
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_ Ebclran  Baan  Radim  _ 

O  Small  electron  beam  radius  and  small  R  ayleigh  length  is  beneficia 
O  Larger  Electron  Beam  is  outside  the  optical  mode  reducing  gain 


Efficiency  us  Electron  Beam  Radius 
at  Optimum  E  lectron  Beam  Phase  Velocity 


Electron  Beam  Radius 
lOSm-all  electron  beam  i1:  beneficial  fcr  efficiency  I 
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SIMULATIONS  OF  THE 

1M  kW  TJftAF  FEL  USING  A  STEP- 
TAPERED  undulator 

ABSTRACT 

J.  Rime,  V.  Hemms,  fl  !  B.  Coisatr, 

A.  tCexiJ^jnizas,  If.  P’olfArnt pdfrioJii 

Fhvnics.  IkparimaiL  Hival  PHlgT*dLiflte  SdiBcl 

Mnfeny,  CA  9194 3.  USA 

•  We  present  sltmilatiofis  of  the  TIN  AF  FEL  esKparitnetits 
toe  1  riding  the  effects  of  atep-taper. 

*  We  explore:  the  effects  of  step-taper  on  fain.  power, 
elFicLaiiC},?  and  de^nchronisro. 

S.  V.  Bn  im  G.  R.  Nat 

*  Investigate  energy  spread  for  safe  e  Lot  Iron  beam  recirculation 

Free  FEocfrrm  Laser  De-parli—t 

Thorns JeWmon  VatiuozL  Amkntor  I'nciLilv 

Maw  port  Maw's,  YA  23606  USA 

■  Comparisons  are  made  to  oouventbonal  periodic,  Lineally  and 
step-  tapered  undnlulors. 

2i-]r*rridljentJ  FEL  C-iJiItrti'ijt,  DtenJuJl.  i.lc=anay  AlJ^UI  Jfi-24, 2001 
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Efficiency  i|(d)  for  Step-taper  >0-4.2 


»  TJNAF  FEL  P«mr  above  JOOtW  tori=QT-m  !t! 

(required  d<Q,07)i 


High  Power  Example  for  Q  -  4.2 


■  Mepitivi?tqiiaperiai;re3Msefllci«»cr 

■  Efficiency  is  T|  =  0,86  %  +corrcnpnndinK  Do  power 
ofllfi  kW 

*  Induced  cncrjy  up read  i|A^/y=U% 
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SIMULATIONS  OF  THE  PROPOSED  TJNAF  100KW  FREE 
ELEC  TRON  LASER  AND  COMPARISON  WITH  TJNAF 
LOW  POWER  EXPERIMENTS 

by 

Konstantinos  Polykandnotis 
December  2001 

Thesis  Advisor:  William  B.  Colson 

Co-Advisor:  Roben  L.  Armstead 

One  transitional  step  for  the  development  of  a  1  MW  power  directed  energy 
weapon  is  the  proposed  100  kW  upgrade  of  the  Thomas  Jefferson  National  Accelerator 
Facility’s  Free  Electron  Laser  (FEL).  To  improve  the  performance  of  the  FEL.  the  use  of 
the  step- taper  undulator  is  explored.  Steady- state  gain,  final  steady- state  power,  and  the 
induced  electron  spread  as  a  function  of  de synchronism  and  taper  rates  are  determined. 
Comparisons  are  made  to  the  conventional  periodic  and  linearly  tapered  undulator s  The 
multimode  simulations  used  showed  that  the  TJNAF  lOOkW  FEL  is  feasible.  Simulations 
result?  with  O  =10  show  that  the  inverse  step- taper  undulator  A  =  —K  achieved  the 
highest  final  power  of  190  kW  at  a  de  synchronism  value  of  d  =  0.01.  while  maintaining 
the  induced  energy  spread  well  below  the  engineering  limit.  The  validity  of  our  results  is 
verified  against  experiments  conducted  in  the  TJNAF  FEL  facility.  The  simulations  and 
the  experimental  data  are  in  good  agreement  and  consistent  with  analytic  theory. 


FBgure  23.  Efficsency  t|  versus  DegyndhnHU&n  d  for  Seep- Taper,  and  Higher  Q=10. 

Power  Above  1QQ  kW  for  a  Larger  Range  of  Tapers  A  =  0?=  k*±2  tt. 
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Abstract 

The  TJNAF  FEL  can  be  upgraded  to  operate  at  100  kW  average  power  and  then  explore  the  use  of  a  short  Rayleigh 
length  in  order  to  reduce  the  power  density  on  the  resonator  mirrors.  The  short  Rayleigh  length  can  only  work  with  a 
relatively  short  undulator.  Multimode  simulations  are  used  to  self-eon  sis  tently  model  the  optical  mode  interacdon  with 
the  electron  beam.  The  steady -state  resonator  mode  is  affected  by  the  complex,  non-linear  electron  beam  evolution  as 
wdl  as  the  resonator  design.  ©  2002  Elsevier  Science  B.V.  All  rights  reserved. 

FACS:  41jtiflCr 

Keywords:  Free-electror.  bier 


Fig.  I.  Optical  mode  shapes  for  various  Rayleigh  lengths.  By 
reducing  r0  from,  0.3  to  0.1.  a  300%  reduction  in  intensity  is 
experienced  at  the  mirrors. 


Fig.  3.  Weak  held  gain  vs.  electron  beam  radius  for  optimum 
vo.  Small  electron  beam  radius  and  small  Rayleigh  length  was 
found  to  be  beneficial.  A  larger  electron  beam  is  outside  the 
optical  mode  thus  reducing  gain. 


8 


ELSHVIHR  Nn clear  Instruments  and  Methods  ir.  Physics  Research  A  483  (2002)  138-141 


NUCLEAR 
INSTRUMENTS 
&  METHODS 
IN  PHYSICS 
RESEARCH 
Sect  or  A 


n\  si  ^'KT.vi'Hi/ItJt'iHy/rii  iiil. 


Simulations  of  the  lOOkW  TJNAF  FEL  using  a  step-tapered 

undulator 

J.  Blind,  V.  Bouras3,  W.B.  Colson3'*,  K.  Polvkiindriotis3,  A.  Kalfoutzos3, 

S.V.  Bcnsonb,  G.R.  Neilb 

K  Physta  Department,  Naval  Postgraduate  School  S3 3  Dyer  Road,  Mmierey,  CA  93943 .  USA 
Electron  Loser  Department,  Thomas  Jefferson  National  Accelerator  Facility,  Newport  News,  VA  33606,  USA 


Abstract 

The  Thomas  Jefferson  National  Accelerator  Facility  (TJNAF)  free  electron  laser  (FEL)  can  be  upgraded  to  operate 
at  lOOkW  average  power  in  the  near  future  using  a  configuration  that  recirculates  the  electron  beam  to  recover  energy. 
It  is  important  to  extract  the  maximum  energy  from  the  electron  beam  in  a  pass  through  the  undulator  while  inducing 
the  minimum  amount  of  exhaust  energy  spread.  A  larger  energy  extraction  reduces  the  requirement  for  a  large 
recirculating  current,  while  a  smaller  exhaust  energy  spread  allows  the  intense  electron  beam  to  be  recirculated  without 
damaging  components.  To  improve  FEL  performance,  we  explore  the  use  of  the  step-tapered  undulator,  which  alters 
the  resonance  condition  halfway  through  the  undulator.  Short  pulses  complicate  the  desired  interaction.  Comparisons 
are  made  to  the  conventional  periodic  and  linearly- tapered  undulators.  ©  2002  Elsevier  Science  B.V.  All  rights 
reserved. 

FACS-  41.fifl.Cr 

Keywords:  Free-electr  on- laser 


0  0.05  0.1  0.15  0.2  0.2E  0J  0.3E 

desynch  ronism  d 

Fig.  2.  Efficiency  tf  versus  de synchronism  if  for  step  taper  with.  Q  =  4.2.  Power  above  IfHDkW  for  A  =  (h-s. 
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MULTIMODE  SIMULATIONS  OF 
FREE  ELECTRON  LASERS 

by 

Joseph  Blau 
March  2002 

Dissertation  Supervisor:  William  B.  Colson 


The  results  of  theoretical  research  on  Free  Electron  Lasers  (FELs)  are  presented. 
Basic  FEL  physics  is  reviewed,  using  a  previously  developed  classical  theory.  Numerical 
simulations  based  on  this  theory  are  described,  and  numerous  examples  show  how  they 
have  been  used  to  increase  understanding  of  existing  FELs  and  to  help  plan  new 
experiments..  Single- mode  simulations  that  follow  the  evolution  of  a  single- frequency 
plane  wave  provide  insight  into  important  physical  effects  in  FELs.  Results  show  how 
these  simulations  are  used  to  evaluate  new  FEL  designs  such  as  inverse-tapered  and  step- 
tapered  undulators.  Longitudinal  multimode  simulations  model  plane  waves  using  finite- 
length  electron  and  optical  pulses.  These  simulations  are  used  to  study  coherence 
evolution  in  various  FEL  designs,.  and  to  explain  effects  such  as  limit-cycle  behavior. 
Transverse  multimode  simulations  that  allow  for  the  finite  transverse  dimensions  of  the 
optical  wavefronts  include  the  effects  of  optical  mode  distortion.  These  simulations  are 
currently  being  used  to  design  short  Rayleigh  length  optical  cavities  that  are  less  sensitive 
to  mirror  damage.  Four-dimensional  simulations  are  also  described,  which  follow  the 
optical  wavefront  in  x,  z,  and  t „  including  the  effects  of  multiple  longitudinal  and 
transverse  modes.  These  simulations  are  computationally  intensive,  but  may  play  an 
important  role  in  the  design  of  future  high-power  FELs. 
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The  Free  Electron 
Laser  Interaction 
with  a  Short- 
Rayleigh-Length 
Optical  Mode 


W.  B.  Colson,  J.  Blau,  &  R.  L.  Armstead 

Physics  Department,  Naval  Postgraduate  School 
Monterey,  CA  93923  USA 


International  FEL  Conference.  Chicago.  IL.  Sept  2002 


ABSTRACT 

o  Short  Rayleigh  Length  (SRL)  optical  mode 
reduces  intensity  on  resonator  mirrors 
o  FEL  interaction  altered  with  SRL  mode 
o  SRL  intensifies  interaction  at  mode  focus 
o  rapidly  changing  optical  amplitude  and  phase 
o  SRL  accelerates  bunching  and  energy  extraction 
o  New  phase  space  pictures  illustrate  interaction 
characteristics  =>  good  efficiency 


FEL  Phase  Space:  Typical 
Rayleigh  Length  z0=0.3 


O 

O 

o 

o 

o 

o 

o 


conventional  FEL  values 
shows  electron  bunching 
modest  field  value  30=10 
optimum  r|  at  v0=6 
FEL  begins  trapping  v 
1=0— >  1  along  undulator 
evolution:  a(x  ),  <t>(x ), 

&  efficiency  r|(x  )  shown 


o  evolving  electrons  become  more  brown  as  x=0— » 1 
o  evolving  separatrix  becomes  more  blue  as  x=0— >  1 


Short  Rayleigh  Length 
Efficiency  Map  T|(ao.Vft) 


O 


O 


o 


short  Rayleigh  length 
z0=0.03  over  N=20  periods 
efficiency  is  reduced 
further,  but  still  OK 


plot  final  FEL  efficiency 
rj=<  v0- v(l)>/4  jcN 


o  peak  efficiency  is  0.9%  at  v0=9.6  for  strong  field  ao=70 


Short  Rayleigh  Length  FEL 
Phase  Space  with  ^=0.03 


Vary  Mode  Focus  xw  Along 
Undulator  with  z0=0.03 


O 

o 

o 

o 

o 


o 

o 


modest  field  a^O 
optimum  rj  at  v0=9 
separatrix  “balloons", 
“pulls  down"  electrons 
final  value  r|  =0.3% 
field  a(x)  &  <])(x) 
evolves  rapidly 
at  mode  focus  xw=l/2 


***  Phase  Space  *** 
zo-0.03  t^O.5  V0-9  H-20 


efficiency  evolution  r|(x)  shows  features  of  mode  focus 
induced  energy  spread  is  Av=8  =>  A/)*=Av/47tN  =  3% 


o  plot  peak  efficiency  for 


ao=70,  z0=0.03,  v0  optimum 

».• 

o  change  mode  focus  location 

D4 

■  / 

from  xw=0.1  to  0.9 

o  see  broad  peak  about  xw=0.4 

( 

)  0.S  1 

undulator  slightly  closer  to  resonator  mirror 
o  for  the  short  Rayleigh  design,  undulator  is  much 
smaller  than  the  resonator  mirror  separation  (L«S) 
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HIGH  ENERGY  LASERS  FOR  SHIP- DEFENSE  AND 
MARITIME  PROPAGATION 

by 

Vasileios  Bourns 
December  2002 

Thesis  Advisor:  William  B.  Colson 

Co- Advisor:  Phillip  E.  Pace 

High  Energy  Lasers  (HELs)  are  a  new  class  of  weapons  that  may  be  of  great 
value  to  the  Navy  in  the  near  future.  A  high- power  Free  Electron  Laser  (FEL)  is  being 
designed  using  short  Rayleigh- length  resonators  to  increase  the  spot  size  at  the  mirrors 
and  hence  avoid  mirror  damage.  Three-dimensional  simulations  are  used  to  study  the 
effects  of  an  electron  beam  misalignment  (electron  beam  tilt).  This  thesis  shows  that  the 
proposed  design  is  tolerant  of  typical  electron  beam  misalignments.  The  performance  of  a 
step- tapered  undulator  is  also  studied  for  the  100  kW  proposed  upgrade  of  the  Jefferson 
Laboratoiy  FEL.  The  results  of  this  research  show  that  the  gain  is  above  the  required 
threshold  for  the  100  kW  design  while  the  energy  spread  does  not  change  significantly 
over  any  undulator  design.  The  spectrum  of  the  proposed  FEL  shows  that  most  of  the 
power  is  concentrated  around  the  fundamental  frequency.  It  is  shown  in  this  thesis  that 
smooth  FEL  pulses  can  significantly  reduce  the  negative  effects  of  absorption  and 
scattering.  Recent  HEL  science  and  technology  developments  are  discussed  for  both  Free 
Electron  and  Solid  State  Lasers. 


Electron  Beam  Tilt  Om 
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FREE  ELECTRON  AND  SOLID  STATE  LASERS 
DEVELOPMENT  FOR  NAVAL  DIRECTED  ENERGY 

by 

Aristeidis  Kalfoutzos 
December  2002 

Advisor:  William  B.  Colson 

Co- Advisor:  Phillip  E.  Pace 

A  MW  level  FEL  is  being  designed  with  a  short  a  Rayleigh  length  resonator  to 
increase  the  spot  size  at  the  mirrors  and  to  avoid  mirror  damage.  In  this  thesis,  it  is  found 
that  it  is  desirable  to  focus  the  electron  beam  to  improve  the  FEL  extraction  efficiency. 
Three-dimensional  simulations  show  that  the  focused  electron  beam  increases  the 
extaction  efficiency  far  beyond  the  desired  value  of  0.7%.  It  is  also  found  in  this  thesis 
that  shifting  the  electron  beam  off-axis  less  than  0.3  mm,  the  efficiency  remains  above 
the  required  value.  The  proposed  FEL  design  uses  high  power,  short  optical  pulses  whose 
spectrum  may  cover  many  absorption  lines.  The  absorbed  laser  energy  can  heatup  the  air 
resulting  in  defocusmg  the  laser  beam  (thermal  blooming).  This  thesis  shows  that  thermal 
blooming  is  not  an  issue  for  a  moderate  clear  atmosphere  when  the  stagnation  zone  size 
remains  less  than  10  m.  A  transitional  step  for  the  development  of  a  MW  level  FEL 
weapon  is  the  proposed  100  kW  upgrade  of  the  Thomas  Jefferson  National  Accelerator 
Facility's  FEL.  It  has  also  been  shown  in  this  thesis  that  the  use  of  a  step- taper  undulator 
slightly  improves  the  performance  of  the  FEL.  Finally,  the  potential  of  various  high 
average  power  solid-state  laser  designs  are  reviewed. 
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SIMULATIONS  OF  A  SHORT  RAYLEIGH  LENGTH  100 

kW  FEL  AND  MIRROR  STABILITY  ANALYSIS 

by 

Thomas  E.  Campbell 

December  2002 

Thesis  Advisor: 

William  B.  Colson 

Second  Reader: 

Robert  L.  Armstead 

A  MW  class  free  electron  laser  capable  of  delivering  energy  at  the  speed  of  light 
can  improve  ASCM  defensive  capability  for  Navy  ships.  Mary  design  challenges  must 
be  overcome  to  make  such  a  weapon  possible.  One  such  challenge  is  to  maintain  the 
power  density  on  laser  cavity  mirrors  at  acceptable  levels.  The  use  of  a  short  Rayleigh 
length  to  increase  beam  spot  size  at  the  mirror  is  studied  as  a  possible  solution  to  this 
problem  In  this  thesis,  it  is  shown  that  ty  using  a  short  Rayleigh  length  FEL,  power 
densities  at  the  mirrors  are  significantly  reduced  without  causing  a  noticeable  reduction  in 
performance. 

For  a  short  Rayleigh  length  FEL,  the  resonator  cavity  is  sensitive  to  misalignment 
and  vibration.  The  effect  of  mirror  tilt  due  to  vibrations  is  explored  and  the  results  show 
that  as  mirror  tilt  increases,  FEL  efficiency  does  decreases.  However,  a  mirror  tilt  several 
orders  of  magnitude  greater  than  currently  achievable  active  alignment  tolerances  is 
required  before  the  FEL  efficiency  is  noticeably  affected.  In  this  thesis,  it  is  shown  that 
mirror  tilt  within  achievable  toleiance  limits  will  not  adversely  affect  the  performance  of 
a  FEL. 
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MEGAWATT  CLASS  FREE  ELECTRON  LASERS  FOR 
NAVAL  APPLICATION  -  SHORT  RAYLEIGH  LENGTH 
AND  STABILITY  ANALYSIS 


by 

William  J.  Ossenfort  Jr 
December  2002 

Thesis  Advisor:  William  B.  Colson 

Second  Reader:  Robert  L.  Armstead 

The  free  electron  laser  (FEL)  is  theoretically  capable  of  scaling  up  to  a  MW  class 
laser  for  naval  point  defense.  At  such  high  power  levels,  the  FEL's  optics  could  be 
damaged.  An  FEL  operating  with  a  short  Rayleigh  length  reduces  intensity  at  the  mirrors; 
however,  the  performance  of  short  Rayleigh  length  FELs  is  unknown.  This  thesis 
presents  simulations  of  Thomas  Jefferson  Laboratories'  proposed  100  kW  FEL  operating 
with  a  short  Rayleigh  length,  and  of  a  proposed  1  MW  FEL  undergang  shipboard 
induced  mirror  vibrations.  In  the  100  kW  FEL,  Rayleigh  lengths  of  0.1L  to  0.5L  (where  L 
is  the  undulator  length)  were  simulated.  Weak  field  gain  increases  as  Rayleigh  length 
decreases,  indicating  that  short  Rayleigh  length  FELs  will  start  from  spontaneous 
emissions.  Final  FEL  efficiency  also  increases  as  Rayleigh  length  decreases,  with  the 
exception  of  a  spike  at  the  typical  Rayleigh  length  design  value  of  0.3  L.  Fbr  the  1  MW 
FEL  system,  the  high  operating  current  acts  to  stabilize  the  optical  mode  against 
vibrations  that  result  in  mirror  tilts  of  0  to  400  micraradians,  where  final  output  power 
was  reduced  30%.  When  used  in  conjunction  with  an  active  mirror  alignment  system, 
output  power  of  the  1  MW  FEL  is  unaffected. 
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Simulations  of  high-power  free  electron  lasers  with 
strongly  focused  electron  and  optical  beams 
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Abstract 

A  high-power  free  electron  laser  (FEL)  is  being  designed  in  collaboration  with  Jefferson  Laboratory,  University  of 
Maryland  and  Advanced  Energy  Systems,  using  short  Rayleigh- length  resonators  to  increase  the  spot  size  at  the  mirrors 
and  hence  avoid  mirror  damage,  A  short  Rayleigh  length  implies  a  very  small  optical  mode  waist  in  the  center  of  the 
cavity.  It  may  be  desirable  to  strongly  focus  the  electron  beam  as  well,  to  improve  overlap  with  the  intense  optical  fields 
in  the  interaction  region.  Three  -dimensional  simulations  are  used  to  study  the  effects  of  varying  the  electron  beam 
radius  and  angular  spread  to  enhance  FEL  gain  and  efficiency.  The  effects  of  off-axis  shifting  and  tilting  of  the  dectron 
beam  are  also  studied, 

©  2003  Elsevier  Science  B.V,  All  rights  reserved. 
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Fig.  1.  Single-pass  extraction  efficiency  tf  verst: s  initial  phase 
velocity  v0,  for  three  values  of  normalized  electron  beam  offset 


Fig.  3.  Single-pass  extraction  efficiency  y  versus  initial  phase 
velocity  v0,  for  three  values  of  normalized  electron  beam  tilt 
through  the  center  of  the  undul.at.or  (r^  =0.5). 


Fig.  4.  Peak  single-pass  extraction  efflciencv  versus  normal- 
Fig.  2.  Peak  single-pass  extraction  efficiency  ^  versus  normal-  ^  Rectum  beam  tilt  at  the  beginning  of  the  undulator 
ized  electron  beam  offset  yD.  (T,  =  0)  and  through  the  center  of  the  undulator  (t,  =  0.5). 
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The  free  electron  laser  interaction  with  a 
short- Rayleigh-length  optical  mode 
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Abstract 

High-power,  short-wavelength  free  electron  lasers  (FELs)  can  make  use  of  a  short- Rayleigh -length  (SRL)  optical 
mode  in  order  to  reduce  the  intensity  on  resonator  mirrors.  The  conventional  FEL  interaction  attempts  to  optimize  the 
coupling  between  the  electron  beam  and  optical  mode  by  minimizing  the  optical  mode  volume  around  the  electron 
beam.  In  contrast,  the  SRL  FEL  focuses  optical  power  in  a  small  region  of  the  undulator,  which  accelerates  the  electron 
bunching  process.  As  a  result,  the  fundamental  FEL  interaction  is  significantly  altered  w!ith  a  rapidly  changing  optical 
field  and  phase  along  the  undulator.  Advantages  and  disadvantages  of  FELs  designed  with  an  SRL  optical  mode  are 
discussed. 
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Fig.  2.  The  phase  space  evolution  of  the  electr  ons  and  laser 
light  for  short  Rayleigh  length  z0  =0.03. 


Fig.  3.  For  a  short  Rayleigh  length  of  j0  =  0.03 :  the  eff.de r.cy 
map  Vq)  shows  a  peak  value  of  jfasO.9%  occurring  at 
v0  as  10. 
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A  study  of  the  stability  of  a  high-power  free  electron  laser 
utilizing  a  short  Rayleigh  length 

P.P.  Crooker,  T.  Campbell,  W.  Ossenfort,  S.  Miller,  J.  Blau,  W.  Colson* 

Physics  Department,  Naval  Postgraduate  School,  Monterey,  CA  93943,  USA 


Abstract 

In  order  to  avoid  mirror  damage  on  a  high-power  free  electron  laser  (FEL),  the  design  can  utilize  a  short  Rayleigh 
length  optical  cavity  in  combination  with  a  short  magnetic  undulator.  The  short  Rayleigh  length  increases  the  mode 
area  and  reduces  the  intensity  at  the  mirrors,  and  also  alters  the  basic  FEL  interaction  and  the  stability  of  the  laser  itself. 
In  particular,  mirror  misalignment  may  significantly  affect  the  behavior  of  the  cavity  modes.  We  present  simulations 
showing  the  effect  of  mirror  tilt  on  the  performance  of  lOOkW  and  1  MW  FEL  designs  with  short  Rayleigh  lengths. 
©  2003  Elsevier  Science  B.V.  All  rights  reserved. 
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Keywords:  Free  electron  laser;  High  power  laser 


Fig.  1.  Efficiency  ri  vs.  initial  phase  velocity  vo  for  several 
dimensionless  mirror  tilts  0m  for  the  lOOkW  simulations. 
Actual  mirror  tilt  is  given  by  (0.332  mrad)0m. 


Fig.  2.  Peak  efficiency  rj  vs.  mirror  tilt  0m  for  the  lOOkW 
simulation. 
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Fig.  3.  Efficiency  rj  vs.  initial  phase  velocity  v0  for  several 
mirror  tilts  0m  for  the  1  MW  simulations.  Actual  mirror  tilt  is 
(0.728  mrad)0m. 


Fig.  4.  Peak  efficiency  rj  vs.  mirror  tilt  0m  for  the  1  MW 
simulation. 
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RAIL  GUNT  AND  ELECTROMAGNETIC  AIRCRAFT 
LAUNCH  SYSTEM  ON  A  NAVAL  SURFACE  PLATFORM 

by 

Seth  A.  Miller 
September  2003 

Thesis  Advisor:  William  B.  Colson 

Second  Reader:  Robert  L.  Armstead 

The  objective  of  this  thesis  is  to  study  the  feasibility  of  sharing  energy  generation, 
storage  and  cooling  systems  between  the  Free  Electron  Laser  (FEL),  rail  gun  and 
Electromagnetic  Aircraft  Launch  System  (EMALS)  on  a  11 -electric  ships.  This  thesis 
outlines  the  basic  components  and  the  theory  of  operation  of  the  FEL,  railgun  and 
EMALS.  A  discussion  of  energy  requirements  is  also  provided  in  order  to  provide  a 
basis  for  comparison  between  a  shared  energy  storage  device  and  the  individual  power 
supplies  currently  under  development.  A  systems  engineering  study  is  then  conducted  to 
select  the  best  type  of  power  supply  for  use  as  a  shared  energy  source  for  the  FEL, 
railgun  and  EMALS.  Based  on  the  tradeoffs  and  assumed  operational  requirements  of  a 
naval  surface  platform,  a  flywheel  energy  storage  device  is  suggested  as  the  optimal 
choice  when  comparing  batteries,  superconducting  magnetic  energy  storage  (SMES), 
capacitors  and  flywheels  as  potential  energy  storage  mechanisms.  A  brief  discussion  on 
the  possibility  of  sharing  cooling  components  between  these  systems  and  the  Integrated 
Power  System  (IPS)  is  also  provided.  The  remainder  of  this  thesis  focuses  on  a  possible 
implementation  of  these  devices  in  a  shipboard  environment  using  a  ship  design,  an 
expeditionary  warfare  ship  named  the  SEA  FORCE,  that  was  completed  by  students  at 
the  Naval  Postgraduate  School  in  the  Total  Ship  Systems  Engineering  Program. 
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THE  SHIBOARD  EMPLOYMENT  OF  A  FREE 

ELECTRON  LASER  WEAPON  SYSTEM 

by 

Gregory  G.  Allgaier 

December  2003 

Thesis  Advisor: 

William  Colson 

Second  Reader: 

Robert  Armstead 

A  megawatt  (MW)  class  Free  Electron  Laser  (FEL)  shows  promise  as  a  new 
weapon  for  anti-ship  cruise  missile  defense.  An  FEL  weapon  system  delivers  energy  at 
the  speed  of  light  at  controllable  energy  levels,  giving  the  war  fighter  new  engagement 
options.  Considerations  for  this  weapon  system  include  employment,  design,  and 
stability.  In  order  to  reach  a  MW  class  laser,  system  parameters  must  be  optimized  and 
the  high  power  optical  beam  must  be  appropriately  managed. 

In  a  high  power  FEL,  the  optical  beam  could  heat  and  ultimately  damage  the 
optical  cavity  mirrors.  One  proposed  solution  is  a  short  Rayleigh  length  design,  which 
lowers  the  intensity  on  the  mirrors,  but  increases  sensitivity  to  vibrations.  This  thesis 
shows  a  that  short  Rayleigh  length  FEL  will  remain  stable  using  current  technology  and 
can  be  designed  to  achieve  a  MW  of  power.  Scenarios  are  then  presented  to  explore 
some  of  the  engagement  options  associated  with  this  weapon  system. 


Figure  12  Extraction  versus  Electron  Beam  Tilt  at  the  beginning  of  the  Undula tor.  Performance 
degrades  as  electron  team  tilt  increases  and  sharply  falls  off  for  #  f  “1.2,  ’which  is  teyond  the 
design  tolerance  of  20  ^irad. 
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HIGH  POWER  OPTICAL  CAVITY  DESIGN  AND 
CONCEPT  OF  OPERATIONS  FORA  SHIPBOARD 

FREE  ELECTRON  LASER  WEAPON  SYSTEM 

by 

Timothy  S.  Fontana 

December  2003 

Thesis  Advisor: 

William  B.  Coulson 

Second  Reader: 

Robert  L.  Armstead 

A  megawatt  (MW)  class  Free  Electron  Laser  (PEL)  as  a  point  defense  weapon 
system  may  lead  to  a  revolution  in  anti-ship  missile  defense.  Deep  magazine,  low  cost 
per  shot,  proportional  engagement  capability',  and  speed  of  light  energy  delivery  provide 
the  FEL  with  unmatched  advantages  over  kinetic  energy  weapon  systems.  Before  and 
FEL  is  made  fleet  deployable,  stability,  system  parameter  optimization,  and  operational 
utility  all  must  be  taken  into  account. 

A  short  Rayleigh  length  FEL  design  is  being  considered  in  order  to  reduce  system 
size  and  mitigate  resonator  mirror  damage.  However,  a  short  Rayleigh  length  can  lead  to 
vibrational  sensitivities  which  must  be  studied.  This  thesis  demonstrates  that  utilizing 
currently  available  technology  and  properly  defined  parameters,  a  short  Rayleigh  length 
FEL  should  be  able  to  achieve  a  MW  of  power. 

This  thesis  will  also  establish  the  viability  of  the  FEL  as  a  fleet  deployable  point 
defense  weapon  system  through  the  development  of  a  Concept  of  Operations  (CONOPS) 
which  draws  from  current  naval  warfare  doctrine. 
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Single-mode  simulations  of  a  short  Rayleigh  length  FEL 

W.B.  Colson*,  J.  Blau,  R.L.  Armstead,  P.P.  Crooker 

Fhysks  Department,  Natal  Fosigra&taw  School,  Momoroy,  CA  93943,  USA 


Abstract 

Free  electron  lasers  can  make  use  of  a  short  Rayleigh  length  optical  mode  in  order  to  reduce  the  intensity  on 
resonator  mirrors.  A  simulation  method  is  used  that  includes  the  dynamics  of  this  rapidly  focusing  optical  mode  and  the 
macroscopic  and  microscopic  electron  evolution.  The  amplitude  and  phase  of  the  optical  fields  are  represented  by  a 
single  Gaussian  mode.  The  simuladon  runs  in  seconds  on  small  laptop  computers  and  can  be  used  for  system  analysis. 
Published  by  Elsevier  B.V. 

FACS:  41.60Cr 

Keywords:  Free  electron  laser;  Short  Rayleigh  length 


Fig.  1.  The  FEL  extraction  shows  optimum  electr  or.  beam 

focal  radius  ft. 


Fig.  2,  The  FEL  extraction  tj(ru)  increases  m on ot onically  with 
increasing  Rayleigh  length  so. 


Fig.  3.  The  FEL.  extraction  tj(iV)  shows  an  optimum  number  of 
u adulator  periods  N. 
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MULTIPLE  BEAM  DIRECTORS  FOR  NAVAL  FREE 
ELECTRON  LASER  WEAPONS 

by 

Ethan  D.  Mitchell 
March  20  04- 

Thesis  Advisor:  William  Colson 

Co-Advisor:  Joseph  Blau 

The  Free  Electron  Laser  has  the  potential  to  become  a  revolutionary  weapon 
system  Deep  magazines,  low  cost-per-shot,  pinpoint  accuracy,  and  speed  of  light 
delivery  give  this  developing  weapon  system  significant  advantages  over  conventional 
systems.  One  limiting  factor  in  high  energy  laser  implementation  is  thermal  blooming,  a 
lensing  effect  which  is  caused  by  the  quick  heating  of  the  atmosphere,  so  that  the  laser 
beam  does  not  focus  on  the  desired  spot,  thereby  degrading  the  effectiveness  of  the  laser 
on  target  The  use  of  multiple  beam  directors  focusing  on  a  target  from  a  single  platform 
may  mitigate  thermal  blooming  by  allowing  half  of  the  laser's  energy  to  travel  through  a 
given  volume  of  air,  so  that  they  only  overlap  very  near  the  target.  Less  energy  traveling 
through  a  given  volume  of  space  means  less  heating,  and  therefore  lessens  the  effects  of 
thermal  blooming.  Also,  simulations  of  FEL's  were  conducted  modifying  parameters 
such  as  the  number  of  undulator  periods,  electron  beam  focus,  the  normalized  Rayleigh 
length,  and  mirror  output  coupling,  in  order  to  determine  optimum  design  parameters. 
New  parameters  for  the  next  proposed  FEL  were  simulated  to  examine  the  effect  of 
mirror  tilt  on  laser  power  and  extraction  as  well. 


Figure  8.  Filing  arcs  for  directors  placed  fore  and  aft. 
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Naval  Electric  Weapons:  The  Electromagnetic 
Railgun  and  Free  Electron  Laser 

by 

Robert  E.  Williams 
June  2004 

Thesis  Advisor:  William  B.  Colson 

Second  Reader:  RobertL.  Armstead 

Theory  and  simulations  of  the  railgun  and  free  electron  laser  are  presented,  as 
well  as  a  suggestion  for  extending  the  railgun  lifecycle.  The  theory,  design,  and  analysis 
of  an  electromagnetic  railgun  using  a  numerical  model  are  discussed.  The  effects  of 
varying  electrical  pulse  formations,  rail  materials  and  geometries  are  explored.  The 
application  of  a  metallurgical  process  to  mitigate  hypervelocity  gouging  in  railgun  rails  is 
proposed.  This  concept,  to  delay  the  onset  velocity  of  gouging  by  laser-peening  rails 
surfaces,  may  significantly  increase  the  velocity  at  which  projectiles  acceptably  traverse 
the  barrel  and  extend  the  useful  life  of  rails.  If  successful,  this  process  would  apply  to  any 
pair  of  materials  in  sliding  contact  at  high  relative  velocity,  including  rocket  sled  tracks 
and  light  gas  guns  barrels.  The  status  of  proof- of-c one ept  tests  at  LEND,  UC  Davis,  and 
UT  is  covered.  FED  simulations  investigating  the  effect  that  electron  beam  focal  point 
variations  have  on  the  optical  mode,  gain,  and  extraction  within  the  undulator  are 
presented. 
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Figure  2.7.  Extraction  vs.  Electron  Beam  F ocal  Point  (strong  fields) 
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SHORT  RAYLEIGH  LENGTH  FREE  ELECTRON  LASER  SIMULATIONS 

IN  EXPANDING  COORDINATES 


R.  L.  Armstead,  W.B.  Colson,  and  J.  Blau 
Physics  Department  Naval  Postgraduate  School 
333  Dyer  Road.  Monterey,  CA  93943 

Abstract 

For  compact  short -Rayleigh  length  free  electron  lasers 
(FELs)1  the  area  of  the  optical  beam  can  be  thousands  of 
times  greater  at  the  mirrors  than  at  the  beam  waist.  A  fixed 
numerical  grid  of  sufficient  resolution  to  represent  the  nar¬ 
row  mode  at  the  waist  and  the  broad  mode  at  the  mirrors 
would  be  prohibitively  large.  To  accommodate  this  extreme 
change  of  scale  with  no  loss  of  information ,  we  employ  a 
coordinate  system  that  expands  with  the  diffracting  optical 
mode.  Tine  simulation  using  the  new  expanding  coordinates 
has  been  validated  by  comparison  to  analytical  cold-cavity 
theory,  and  is  now  used  to  simulate  short-Ray leigh  length 
FELs. 


X 1 


X’ 


c 


T 1  0,2  Y' 


max 


Figure  3:  Free-space  diffraction  of  a  fundamental  Gaussian 
mode  in  Cartesian  coordinates  |q(t,t)|  (top),  and  expand¬ 
ing  coordinates  |r(x',r')|  (bottom)  for  sa  =  0.3,  ri  =  I . 
and  t  =  0  — -  3. 
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OPTICAL  MODE  DISTORTION  IN  A  SHORT  RAYLEIGH  LENGTH  FREE 

ELECTRON  LASER 

J.  Blau,  W.B,  Colson,  B.W.  Williams,  S.P.  Niles  and  R.P.  Mansfield 
Physics  Department,  Naval  Postgraduate  School 
333  Dyer  Road,  Monterey,  CA  93943 


Abstract 

A  short -Rayleigh  length  Free  electron  laser  (PEL)  will 
operate  primarily  iti  the  fundamental  inode  with  a  Gaussian 
profile  that  is  narrow  at  llie  waist  and  broad  at  the  mirrors. 
The  gain  medium  will  distort  the  optical  wavefront  and 
produce  higher-order  modes  that  will  expand  more  rapidly 
than  the  fundamental.  Wavefront  propagation  simulations 
are  used  lo  study  optical  mode  distortion,  as  electron  beam, 
imdulator,  and  optical  cavity  parameters  are  varied. 


Figure  6:  Simulation  results  for  extraction  tj  versus  number  Figure  8  :  Simulation  results  for  extraction  r\  versus  undu- 
of  imdulator  periods  A\  lalor  taper  strength  S. 


N  =  18  iV  =  28  .V=3S  o-5jt  fr-lln: 


Figure  7:  Optical  field  amplitude  Krr,y)|  at  the  output  Figure  9:  Optical  field  amplitude  \a{x,y)\  at  the  output 
mirror  for  various  number  of  imdulator  periods  N.  mirror  for  several  values  of  imdulator  taper  strength  S. 
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SHORT  RAYLEIGH  LENGTH  FREE  ELECTRON  LASERS 


W.  B.  Colson,  J.  Blau,  R.  L.  Armstead,  and  P.  P.  Crooker 
Physics  Department,  Naval  Postgraduate  School 
Monterey,  CA  93943 

Abstract 

Conventional  free  election  laser  (FEL)  oscillators  min¬ 
imize  the  optica]  mode  volume  around  the  electron  beam 
in  the  undid  at  or  by  making  the  resonator  Rayleigh  length 
about  one  third  of  the  undulator  length,  This  maximizes 
gain  and  beam-mode  coupling.  In  compact  configurations 
of  high-power  infrared  FELs  or  moderate  power  UVFELs, 
the  resulting  optical  intensity  can  damage  the  resonator 
mirrors.  To  increase  the  spot  size  and  thereby  reduce  the 
optical  intensity  at  the  mirrors  below  the  damage  thresh¬ 
old,  a  shorter  Rayleigh  length  can  be  used,  but  the  FEL  in¬ 
teraction  is  significantly  altered,  A  new  FEL  interaction  is 
described  and  analyzed  with  a  Rayleigh  length  that  is  only 
one  tenth  of  the  undulator  length,  or  less. 


la(x.V) l 


Figure  3:  FEL  gain  as  a  function  of  Rayleigh  length  zQ. 
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STABILITY  OF  A  SHORT  RAYLEIGH  RANGE  LASER  RESONATOR 
WITH  MISALIGNED  OR  DISTORTED  MIRRORS 


P.P.  Croaker  *,  J.  Blau,  and  W,B.  Colson 
Naval  Postgraduate  School,  Monterey,  CA  93943  USA 


Abstract 

Motivated  by  the  prospect  of  constructing  an  FEL  with 
short  Rayleigh  length  iti  a  high- vibration  environment,  we 
have  studied  the  effect  of  minor  vibration  and  distortion 
on  the  behavior  of  the  fundamental  optical  mode  of  a  cold- 
cavity  resonator.  A  lilt  or  transverse  shift  of  a  mirror  causes 
the  optical  mode  to  rock  sinusoidally  about  the  original  res¬ 
onator  axis.  A  longitudinal  minor  shift  or  a  change  in  the 
mirror’s  radius  of  curvature  causes  the  beam  diameter  at  a 
mirror  to  dilate  and  contract  with  successive  impacts.  Re¬ 
sults  from  both  ray-tracing  techniques  and  wavefront  prop¬ 
agation  simulations  are  in  excellent  agreement. 


Figure  1:  Resonator  with  Gaussian  mode  characterized  by 
Rayleigh  length  Distortions  of  the  right-hand  mirror 
include  lilt  transverse  shift  h,  longitudinal  shift  AS', 
and  focal  length  change  A/  (not  shown). 


Figure  3:  zq  dependence  of  the  maximum  excursion  yc  of 
the  beam  center  from  the  original  cavity  axis  when  a  minor 
tilts  by  0m  or  undergoes  transverse  shift  h.  Tilt  and  shift  are 
plotted  separately.  The  lines  are  beam  theory;  the  points  are 
from  wave  simulations.  For  an  FEL  with  5  =  10  m  and  A  = 

1  ym,  yc  =  10  corresponds  to  I.S  cm. 
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HIGH  ENERGY  LASER  APPLICATIONS  IN  A  SURFACE 
COMBATANT:  TERMINAL  PHASE  THEATER 
BALLISTIC  MISSILE  DEFENSE,  LOW  ATMOSPHERE 
PROPAGATION,  AND  FREE  ELECTRON  LASER  GAIN 

by 

Sean  P.  Niles 
June  2005 

Thesis  Advisor:  William  Colson 

S  ec  end  Read  er :  Rob  ert  Armste  ad 


The  Free  Electron  Laser  (FEL)  can  provide  the  naval  surface  combatant  with  a 
directed  energy  weapon  that  can  be  used  against  a  large  target  set.  Due  to  space  con¬ 
straints  in  a  shipboard  installation^  an  exploration  is  conducted  to  show  the  feasibility 
of  short  Rayleigh  length  FELs  using  a  FEL  simulation.  Low  atmosphere  engagements 
are  discussed  through  the  modeling  of  a  turbulence  module  for  laser  propagation  in 
cruise  missile  defense  applications.  In  particular^  this  thesis  explores  the  difficulties  in 
engaging  a  short /medium  range  theater  ballistic  missile  (TBM)  in  the  terminal  phase 
as  an  engagement  scenario  in  support  of  littoral  operations  using  HELCoMES^  devel¬ 
oped  by  SAIC>  as  an  engagement  analysis  tool.  A  concept  of  operations  (CONOPS) 
for  the  use  of  a  FEL  as  an  area  TBM  defensive  weapon  is  explored >.  using  a  unitary^ 
high  explosive  warhead  model  and  extrapolations  to  other  TBM  warhead  types. 


Figure  Id.  A  propagating  beam  experiencing  moderate  thermal  blooming  at  stagna¬ 
tion  point  7b  =  0.3  with  strength  fib  =  0.6.  The  picture  to  the  right  is  a  cross  section 
of  the  beam  at  the  target. 
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HIGH  ENERGY  SOLID  STATE  AND  FREE  ELECTRON 

LASER  SYSTEMS  IN  TACTICAL  AVIATION 

by 

Robb  P.  Mansfield 

June  2005 

Thesis  Advisor: 

William  B.  Colson 

Second  Reader: 

RobertL.  Armstead 

A  study  and  analysis  of  high  energy  laser  (HEL)  systems  aboard  tactical  aircraft  is 
performed.  The  FA-18E/F  Hornet  and  F-35  Joint  Strike  Fighter  (JSF),  equipped  with 
solid-state  HEL  systems,  are  the  main  subjects  of  the  study.  Considerations  of  power 
generation  and  thermal  management  for  a  fighter- sized  HEL  system  and  aero-optic 
effects  on  beam  propagation  from  high  and  medium  altitude  platforms  are  examined.  An 
overview  of  system  capabilities  details  how  the  HEL  system  will  be  more  difficult  to 
incorporate  into  legacy  strike  aircraft,  but  may  be  feasible  for  future  aircraft  such  as  the 
JSF.  Tactical  flight  simulations  are  used  to  study  and  develop  potential  concepts  of 
operation  (CONOPS),  using  realistic  scenarios  and  threat  environments.  Results  show 
that  a  tactical  HEL  will  not  be  a  stand-alone  weapon  in  combat,  but  will  have  many 
potentially  useful  tactical  applications.  Another  study  of  a  high  energy  free  electron  laser 
(FEL)  system  aboard  a  C-13QJ-3Q  Hercules  shows  that  such  a  system  is  feasible.  Finally, 
a  study  of  the  FEL  shows  that  strong  field  extraction  can  be  optimized  using  undulator 
tapering. 
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SIMULATIONS  OF  THE  JEFFERSON  LAB  FEL  USING  THE  NEW 
ELECTROMAGNETIC  WIGGLER  * 


J.  Blau*,  W.B.  Colson,  B.W.  Williams,  O.E.  Bowlin,  R.  Vigil  and  T.  Voughs, 
Physics  Department,  Naval  Postgraduate  School,  Monterey,  CA  93943,  USA 

Abstract 


After  successfully  lasing  at  10  kW  of  average  power 
at  a  wavelength  of  6  ^rm,  a  new  electromagnetic  wiggler 
has  been  installed  at  Jefferson  Lab,  which  will  be  used 
to  achieve  high  power  at  shorter  wavelengths.  Wavefront 
propagation  simulations  are  used  to  predict  system  per¬ 
formance  for  weak-field  gain  and  steady-state  extraction, 
as  the  bunch  charge,  pulse  length,  electron  beam  radius, 
Rayleigh  length,  and  mirror  output  coupling  are  varied. 


Figure  3:  Weak-field  gain  G  and  sleady-slate  extraction  jj 
versus  electron  beam  waist  radius,  rj,.  The  optimum  radius 
isr&  0.2  mm. 


Figure  4:  Simulation  output  showing  a  cross-section  of  the 
optical  field  amplitude  over  a  single  pass  through 

the  undulator,  with  red  dots  representing  sample  elections, 
for  a  narrow  electron  beam  with  waist  radius  I't  =  0.1  mm 
(top),  and  a  broad  electron  beam  with  J'j,  =  0.4  mm  (bot¬ 
tom).  The  yellow  curves  depict  the  optical  mode  profile 
|a(y)|  at  the  beginning  (r  =  0)  and  end  (r  =  1)  of  the 
undulator.  The  white  line  represents  5%  oflhe  peak  optical 
field  amplitude  |a|. 
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VIBRATION  EFFECTS  IN  SHORT  RAYLEIGH  LENGTH  FELS* 


P.P.  Crooker  f  R.L.  Armstead,  J.  Blau,  O.E.  Bowlin,  W.B.  Colson, 

R.  Vigil,  T.  Voughs,  and  B.W.  Williams 
Naval  Postgraduate  School,  Monterey,  CA,  USA 

Abstract 

The  short-Rayleigh  length  FEL  configuration  leaves  the 
optical  resonator  near  the  cold-cavity  stability  limit.  Stud¬ 
ies  showr  that  the  electron  beam  interaction  stabilizes  the 
optical  modes  and  establishes  limits  to  the  vibrations  of 
mirrors  and  the  electron  beam.  Several  types  of  vibrations 
are  considered. 
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Figure  2:  Dependence  of  weak-field  gain  and  extraction 

on  mirror  tilt  angle.  Lasing  continues  out  to  2.5  jurad;  no  Figure  5:  Dependence  of  weak  field  gain  and  extraction  on 
appreciable  change  occurs  over  the  current  design  tolerance  electron  beam  shift,  rI  he  half-power  tolerance  of  0.4  nun  is 
of  ps  0.1  ^rad,  well  beyond  design  tolerance  ^  10  p:m. 
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PHYSICAL  REVIEW  SPECI  AL  TOPICS  -  ACCELERATORS  AND  BEAMS  8,  040703  (2005) 


Stability  of  a  short  Rayleigh  length  laser  resonator 


P.  P.  Croaker,*  J,  Blau,  and  W.  11  Colson 

Physics  Department,  Nava!  Postgraduate  School.  833  Dyer  Road,  Monterey.  California  93943 ,  USA 
(Received  4  January  2005'  published  22  April  2005) 

Motivated  by  the  prospect  of  constructing  a  short  Rayleigh  length  free-eleciron  laser  in  a  high- vibration 
environment,  we  demonstrate  the  use  of  a  collection  of  rays  to  study  the  effect  of  mirror  vibration  and 
distortion  on  the  behavior  of  the  fundamental  optical  mode  of  a  cold-cavity  resonator.  We  find  l hat  l he  ray 
collection  accurately  describes  both  on-axis  and  off-axis  optical  beams.  We  show  that  a  tilt  or  transverse 
shift  of  a  mirror  causes  the  optical  mode  to  rock  about  the  original  resonator  axis,  while  a  longitudinal 
mirror  shift  or  a  change  in  the  mirror's  radius  of  curvature  causes  the  beam  diameter  at  a  mirror  to 
successively  dilate  and  contract  on  the  mirror.  Results  are  in  excellent  agreement  with  analytic 
calculations  and  wave  front  propagation  simulations  as  long:  as  the  mirrors  remain  large  with  respect  to 
the  beam  diameter. 


DOI:  1 0. 1 1 03/PbysRevS  TAB .  8,040703 
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FIG..  2.  Evolution  of  an  optical  beam  in  a  resonator  with  za  = 
G.lt  &m  =  0,05,  and  h  =  0.  The  y  axis  is  the  normalized  trans¬ 
verse  distance ,  and  r  is  the  normalized  time.  Each  vertical  line 
corresponds  to  a  minor,  with  successive  reflections  unfolded  to 
see  the  overall  behavior,  The  shaded  area  shows  the  trajectories 
of  1000  random  rays:  the  center  line  is  the  center  of  the  optical 
beam;  and  the  top  and  bottom  lines,  calculated  from  beam 
theory,  correspond  to  the  radius  w  for  the  Gaussian  mode.  The 
effect  of  minor  tilt  is  to  make  the  beam  rock  back  and  forth  on 
the  resonator  mirrors. 


AS 


FIG.  5.  Maximum  beam  radius  y^*  for  fractional  mirror  shift 
As  of  the  right-hand  mirror  at  several  values  of  zq.  As  As 
increases,  y^*  diverges  where  Ihe  cavity  becomes  sphericat  at 
Air —  4z^  (vertical  dashed  lines).  The  data  points  are  taken 
from  ray  and  beam  simulations:  the  solid  lines  are  guides  to  the 
eve.  For  an  FEL  with  5  =  10  m  and  A  =  1  f£ m,  y^*  =  10 
corresponds  to  1.8  cm. 


PAC5  numbers:  61.3G.Cz,  64.70.Md 


X 

FIG.  4.  Evolution  of  an  optical  beam  in  a  resonator  with  z®  = 
0,1  and  right  minor  shift  As  =  0,031,  The  axes  are  the  same  as 
Fig.  2.  The  gray  areas  are  the  trajectories  of  1000  random  rays; 
the  dotted  hues,  calculated  from  beam  theory,  correspond  to  the 
radius  w  of  the  Gaussian  mode.  The  beam  remains  on  axis,  but 
expands  and  contracts  with  successive  reflections. 


-A  f/f 


FIG.  7.  Maximum  beam  radius  yj^  for  fractional  focal  length 
change  A  f/f  of  the  right-hand  mirror  at  several  values  of  zq. 
The  minus  sign  in  front  of  Af/f  indicates  Ihe  focal  length  is 
decreasing.  As  the  focal  length  decreases,  y^^  diverges  where 
the  cavity  becomes  spherical  at  Af/f  =  —  Bzq/(1  +  4zq)  (ver¬ 
tical  dashed  lines).  The  points  are  taken  from  rav  simulations  and 
beam  calculations;  the  solid  lines  are  guides  to  the  eye. 
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Higher-Order  Modes 

Free  Electron  Lasers 

by 

B.  W.  Williams 

September  2005 

Thesis  *^.d  visor:  W.  B,  Colson. 

Second  Reader:  R.  Armstead 

Free  electron  laser  theory  is  developed,  from  the  Maxwell  and  Lorentz  force  equations; 
the  properties  and  characteristics  of  the  laser  are  reviewed.  The  wave  equation  is  solved 
for  the  fundamental  Gaussian  mode,  and  higher-order  modes  in  Cartesian  and  cylindrical 
coordinate  spaces,  yielding  expressions  for  the  complete  and  orthogonal  basis  sets  of  Hcrmite- 
and  Laguerre-Gaussian  beams.  Motivated  by  the  evident  inclusion  of  higher-order  modes 
in  free  electron  laser  simulations,  a  tool  is  developer:!  for  the  higher-order  (in  particular 
Laguerre-Gaussian)  modal  analysis  of  simulated  free  electron  laser  beams. 


Figure  4.6:  Each  LG  mode  carries  a  different  phase  factor,  causing  periodic 
interference  when  multiple  modes  are  combined. 
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MODELING  AND  SIMULATION  OF  THE  FREE  ELECTRON 
LASER  AND  RAILGUN  ON  AN  ELECTRIC  NAVAL 
SURFACE  PLATFORM 

by 

Oscar  E.  Bowlin 
March  2006 

Thesis  Advisor:  William  B.  Colson 

Second  Reader:  Robert  L.  Armstead 

The  Free  Electron  Laser  (FEL)  and  Rail  Gun  are 
electric  weapons  which  will  require  a  significant  amount  of 
stored  energy  for  operation.  These  types  of  weapons  are 
ideal  for  use  onboard  an  all-electric  ship.  An 

investigation  is  made  of  the  effects  these  weapons  will 
have  on  a  proposed  electrical  system  architecture  using 
simulation  modeling.  Specifically,  this  thesis  identifies 
possible  design  weaknesses  and  shows  where  further  research 
and  modeling  is  needed  in  order  to  ensure  the  proper 
integration  of  these  electric  weapons  onboard  an  all¬ 
electric  ship.  The  integration  of  these  electric  weapon 
systems  with  the  power  systems  on  electric  ships  will  have 
an  impact  on  naval  operations  .  Several  scenarios 

concerning  specific  naval  missions  are  investigated  using 
simulation  software  to  understand  the  impact  and 
limitations  on  the  electric  system  using  these  new  electric 
weapons  . 
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Short  Rayleigh  length  free  electron  lasers 

W.  B.  Colson,  J.  Blau,  R.  L.  Armstead,  P.  P.  Crooker,  R.  Vigil,  T.  Voughs,  and  B.  W.  Williams 

Physics  Department,  Naval  Postgraduate  School,  833  Dyer  Road,  Monterey,  California  93943,  USA 
(Received  30  November  2005;  published  30  March  2006) 

Conventional  free  electron  laser  (FEL)  oscillators  minimize  the  optical  mode  volume  around  the 
electron  beam  in  the  undulator  by  making  the  resonator  Rayleigh  length  about  one  third  to  one  half  of  the 
undulator  length.  This  maximizes  gain  and  beam-mode  coupling.  In  compact  configurations  of  high- 
power  infrared  FELs  or  moderate  power  UV  FELs,  the  resulting  optical  intensity  can  damage  the 
resonator  mirrors.  To  increase  the  spot  size  and  thereby  reduce  the  optical  intensity  at  the  mirrors  below 
the  damage  threshold,  a  shorter  Rayleigh  length  can  be  used,  but  the  FEL  interaction  is  significantly 
altered.  We  model  this  interaction  using  a  coordinate  system  that  expands  with  the  rapidly  diffracting 
optical  mode  from  the  ends  of  the  undulator  to  the  mirrors.  Simulations  show  that  the  interaction  of  the 
strongly  focused  optical  mode  with  a  narrow  electron  beam  inside  the  undulator  distorts  the  optical  wave 
front  so  it  is  no  longer  in  the  fundamental  Gaussian  mode.  The  simulations  are  used  to  study  how  mode 
distortion  affects  the  single-pass  gain  in  weak  fields,  and  the  steady-state  extraction  in  strong  fields. 

DOI:  10.1 103/PhysRevSTAB. 9.030703  PACS  numbers:  41.60.Cr 


FIG,  5.  (Color)  Simulation  results  for  FEL  weak- field  gain  as  a 
function  of  normalized  Rayleigh  length  zq  (solid  blue  line).  The 
results  are  compared  to  a  simple  theory  (dashed  red  line),  which 
assumes  the  optical  field  is  in  the  fundamental  mode.  The  large 
disagreement  between  the  simple  theory  and  simulations  for 
small  zo  is  due  to  mode  distortion. 


FIG.  6.  (Color)  Simulation  results  for  extraction  77  versus  nor¬ 
malized  Rayleigh  length  zo  (solid  blue  line).  The  optimum  value 
is  zo  :==  0.3,  in  agreement  with  the  simple  theory,  but  good 
extraction  is  maintained  for  smaller  values  of  z$j.  Also  plotted 
is  the  intensity  on  the  mirrors  (dashed  green  line):  the  intensity 
decreases  dramatically  as  die  Rayleigh  length  is  reduced. 
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HIGH-POWER  AMPLIFIER  FREE  ELECTRON  LASERS 

by 

Tyrone  Y.  Vouglis 

June  2006 

Thesis  Advisor: 

William  B.  Colson 

Co- Advisor: 

Robert  L.  Armstead 

The  free  electron  laser  (FEL)  is  among  the  latest  technologies  of  interest  to  the 
U.S.  military,  in  particular,  the  Navy.  In  naval  applications,  FEL  laser  would  serve  as  a 
self-defense  weapon  system,  protecting  the  ship  from  an  array  of  threats  including  anti- 
surface  cruise  missiles  and  small  boats.  This  system's  potential  range  and  deep  magazine 
makes  it  ideal  as  point  defense  against  incoming  missiles.  Its  inexpensive  cost  of  only  a 
few  dollars  per  engagement  and  multi-mission  capability  makes  this  future  weapon 
system  superior  to  the  short-range  missile- defense  systems  employed  today.  The  most 
powerful  FEL  is  currently  located  in  Jefferson  Lab.  operating  at  10  kW.  two  orders  of 
magnitude  short  of  the  1  MW  power  level  required  for  weapons  application.  This  thesis 
will  describe  the  components  and  theory  of  operation  of  the  FEL.  as  well  as  analyze  two 
competing  designs  for  the  next  step  in  the  evolution  of  the  future  weapon  system,  the  100 
kW  FEL.  proposed  by  Brookhaven  and  Los  Alamos  National  Labs.  Due  to  advances  in 
NFS  simulation  techniques  for  the  amplifier  configuration,  a  more  in  depth  analysis 
including  the  effects  of  electron  beam  tilt  and  shift  is  performed  for  the  first  time  on  these 
proposed  designs. 


Extraction  vs.  v 

€ 


Figure  21 .  Brookhaven  FEL  Extraction  Spectrum 


Extraction  vs.  Eleclron  Beam  Shift 
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HEUMITE-G ATI S  SIAN  MODES  AND 
MIRROR.  DISTORTIONS 
IN  THE  FREE  ELECTRON  LASER 

by 

Ricardo  Vigil 
June  3006 

Thosis  Advisor:  William  Colaon 

Go- Ax Lvison  Robert  Armst enxl 


The  free  electron  laser  (FEL)  is  proposed  to  meet  the  Navy's  need  for  a  speed- 
of-light  liigli  oneigy  laser  ’weapon  capable  of  engaging  a  variety  of  targets  including 
anti-ship  cruise  missiles,  small  boats,  and  theater  ballistic  missiles-  A  Ley  attribute 
of  FEEs  is  good  optical  beam  quality;  in  other  words,  they  operate  in  only  a  few  of 
the  lowest-order  transverse  Gaisian  modes.  For  weapons  applications,  a  good  mode 
quality  is  desired  because  it  delivers  the  highest  intensity  on  target  ensuring  a  high 
level  of  lethality.  A  few  higher-order  modes  can  arise  from  the  interaction,  of  the 
electron  beam  with  the  optical  beaut,  or  from  misalignments  of  the  elect  mi  beam  or 
resonator  minors,  High  intensity  on  FILL  optics  can  lead  to  mirror  distortion  due  to 
heating  and  insufficient  cooling  of  the  mirror  substrate.  Mirror  distortions,  including 
astigmatism,  can  cause  higher- order  modes  to  appear  affecting  FEL  performance- 
ThereFore,  it  is  important  to  quantify  these  higher-order  modes  because  doing  so 
uniquely  identifies  the  optical  field  and  may  allow  for  corrective  optics  to  single  out 
the  best  modes  for  FEL  lethality. 


This  thesis  will  review  free  elec  tron  laser  theory,  and  for  the  first  time  develop 
analytical  solutions  to  quantify  Hexmite-Gau^ian  higher-order  modes.,  develop  a  c.li- 
agnostie  for  modal  analysis.,  and  determine  the  tolerance  limits  on  mirror  distortions. 
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Representation  of  a  Gaussian  beam  by  rays 

P.  P.  Crooker,81  W.  B.  Colson,  and  J.  Blau 

Physics  Department,  Naval  Postgraduate  School,  Monterey,  California  93043 

(Received  3  October  2005;  accepted  7  April  2006) 

Although  the  ray  concept  is  a  useful  tool  for  helping  students  visualize  the  propagation  of  light,  rays 
do  not  produce  diffraction,  which  is  described  by  wrave  theory.  Nevertheless,  it  is  possible  to  retain 
the  ray  picture  to  describe  a  Gaussian  beam  if  a  suitable  statistical  distribution  of  rays  is  used.  We 
transform  the  distribution  using  only  ray  propagation  techniques  (no  wave  theory)  and  show  how  a 
statistical  distribution  of  rays  gives  an  intuitive  picture  of  a  diffracting  Gaussian  beam  as  it  freely 
propagates  or  is  focused  by  lenses,  ©  2006  American  Association  of  Physics  Teachers. 

[DGi:  10*1 1 19/ L220 1857] 


Fig.  2.  Gaussian  beam  starting  at  the  waist  and  spreading  according  to  Eq. 
(4).  The  Gaussian  widths  are  dashed  lines.  The  Gaussian  curves  show  flA); 
the.  loops  are  polar  plots  of  f{0).  The.  shaded  area  is  due  to  3000  rays, 
distributed  according  to  f(x.&)  and  propagates  as  straight  lines  using,  ray 
matrices.  As  the  beam  propagates,  the  spatial  width  and  density  of  the  rays 
and  of  fix)  follows  Gaussian  wave  theory,  while  the  angular  distribution 
f{0)  remains  unchanged. 


Fig.  3.  Rreely  propagating  Gaussian  beam,  (a)  Gaussians  representing 
/(.y|  tf);  the  widths  are  constant  but  are  offset  by  z&  (solid  straight  lines).  The 
dashed  lines  are  the  center  and  Ue  limits  of  the  corresponding  Gaussian 
beam,  (b)  Polar  plots  of  f{$\  x).  The  distributions  f(& p)  are  tilted  by  the 
angle  x/R,  which  defines  the  direction  of  a  statistical  ray  (dashed  lines)  and 
is  always  perpendicular  to  a  wave  front  (solid  arcs). 
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Simulations  of  high-power 
amplifier  free  electron  lasers 
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Mode  analysis  and  mirror 
distortions  in  high  power 
oscillator  free  electron  lasers 
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SIMULATIONS  OF  HIGH  POWER-FEL  AMPLIFIERS* 


J.  Blau,  D.  Burggraff,  T.Y.  Voughs  and  W.B.  Colson 
Physics  Department,  Naval  Postgraduate  School 
333  Dyer  Road,  Monterey,  CA  93943. 

Abstract 

FEL  amplifier  simulations  have  been  updated  and  paral¬ 
lelized,  and  system  vibration  effects  have  been  added.  Thu 
simulations  arc  used  to  study  proposed  high-power  ampli¬ 
fier  FELs  at  LANL  and  BNL.  We  look  at  the  single-pass 
gain  and  output  power,  including  the  effects  of  wigglcr  ta¬ 
pering,  electron  beam  pinching,  and  shifting  and  tilting  of 
the  electron  beam. 


0  t  l 


Figure  2:  Simulation  results  for  the  SDL.  FEL  with  a  -5% 
taper  rale  over  Hie  last  2.4  m  of  the  unduJator.  On  the  top 
is  the  evolution  of  the  optical  power,  P(r).  On  the  lower 
left  is  the  final  electron  phase  space  as  described  in  the  text, 
with  sample  electrons  shown  in  red.  On  the  lower  right  is 
the  final  optical  wavefront,  [a(;r,  y)\,  at  the  output  mirror 
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Figure  9:  Optical  field  evolution  for  the  proposed  BNL 
FEL.  Initial  conditions  are  chosen  so  that  the  electron  beam 
is  tilted  by  &y  =  0.9  mrad  at  the  center  of  the  undulator. 
The  tilt  appears  exaggerated  due  to  the  different  horizontal 
and  vertical  scales.  Notice  that  the  optical  mode  (narrow 
yellow  contour  line)  follows  the  tilted  electron  beam  (red). 
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Start-to-end  Modeling  of  a 
Free  Electron  Laser  Weapon 
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LAG UERRE -GAUSSIAN  MODES 
IN  THE  FREE  ELECTRON  LASER 

by 

Anastasios  Kampouridis 
June  2007 

Thesis  Advisor:  William  B.  Colson 

Co-Advisor:  Robert  L.  Armstead 

In  a  free  electron  laser  (FEL)  system,  knowing  the  optical  beam 
characteristics  is  of  great  importance.  A  beam  may  be  comprised  of  higher-order 
modes  due  to  the  interaction  with  the  electron  beam,  or  from  non-ideal 
operational  conditions  such  as  mirror  distortions  and  misalignments,  or  from 
imperfect  injection  of  the  electron  beam. 

In  this  thesis,  the  basic  FEL  theory  is  initially  reviewed.  The  parabolic 
wave  equation  is  then  solved  for  the  "fundamental"  Gaussian  mode  and  for 
higher-order  modes.  Working  in  rectangular  coordinates,  a  complete  and 
orthogonal  set  of  solutions  involving  Hermite  polynomials  is  found.  When  the 
wave  equation  is  solved  in  cylindrical  coordinates,  we  arrive  at  a  set  of  solutions 
that  contain  Laguerre  polynomials.  The  so-called  Laguerre-Gaussian  modes  are 
analyzed.  The  evolution  of  these  laser  modes  is  also  explored,  yielding  quite 
unexpected  results  due  to  their  phase  structure  and  orbital  angular  momentum  of 
light.  Lastly,  we  study  a  common  case  where  higher-order  optical  modes  appear, 
in  order  to  quantify  the  tolerances  of  an  FEL. 
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INTEGRATING  THE  FEL  ON  AN  ALL-ELECTRIC  SHIP 

by 

Charles  A.  Allen  III 

June  2007 

Thesis  Advisor: 

William  B.  Colson 

Second  Reader: 

Robert  L.  Armstead 

This  thesis  examines  the  feasibility  of  placing  the  free  electron  laser  (FEL)  on  the 
all- elec  trie  ship.  The  power  required  by  the  FEL  and  the  tolerance  of  the  FEL  to 
vibrations  is  determined  using  computer  simulations.  Methods  of  reducing  the  vibrations 
using  vibration  isolation  and  active  alignment  are  described.  The  simulations  show  that 
the  all- electric  ship  will  provide  more  than  enough  power  to  operate  the  FEL.  The  results 
also  indicate  that  there  must  be  methods  to  reduce  the  effect  of  ship  vibrations  in  order 
for  the  FEL  to  reach  the  desired  output  power  of  one  to  three  megawatts. 

The  thesis  also  desciibes  the  physical  dimensions  of  the  FEL  as  well  as  its  weight 
and  compares  these  figures  to  other  ship  systems.  Overall  the  simulations  and  the 
research  show  that  it  is  reasonable  that  a  high-powered  FEL  can  be  developed  for  use  as  a 
weapon  on  the  all-electric  ship.  While  developing  such  a  weapon  will  be  an  engineering 
challenge  the  capability  to  do  so  has  been  demonstrated. 


Figure  12.  Optical  energy'  in  an  oscillator  FEL  with  an  electron  beam  tilt. 
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FREE  ELECTRON  LASER  PERFORMANCE  WITH 
QUADRUPOLE  MAGNET  MISALIGNMENT  FROM 
SHIPBOARD  VIBRATIONS 

by 

David  Thomas  Burggraff 
December  Z007 

Thesis  Advisor:  William  B.  Colson 

Second  Reader:  John  W.  Lewellen 


The  Free  Electron  Laser  (FEL)  has  been  discussed  and  studied  in  the  United 
States  Navy’ s  directed  energy  weapon  efforts.  The  goal  of  these  studies  is  to  use  the  FEL 
as  a  ship’s  primary  defensive  weapon  against  incoming  threats  such  as  missiles,  aircraft 
and  small  boats. 

This  thesis  is  an  analysis  of  the  effects  of  shipboard  vibration  on  the  performance 
of  an  FEL.  The  focus  of  this  analysis  will  be  on  the  performance  degradation  due  to 
quadrupole  magnet  misalignments  from  ship  vibrations  and  flexing. 

This  study  is  aimed  at  improving  system  design  efforts  by  determining  the 
sensitivity  of  an  FEL  on  magnet  misalignments  due  to  shipboard  vibration  and  flexing. 
Simulations  were  conducted  on  the  magnets  placed  along  the  electron  beam  path  between 
the  end  of  the  accelerator  and  the  beginning  of  the  undulator.  Simulations  within  this 
study  were  conducted  using  the  3D  FEL  simulator  designed  and  programmed  at  the  Navy 
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FOUR  DIMENSIONAL  ANALYSIS  OF  FREE  ELECTRON 
LASERS  IN  THE  AMPLIFIER  CONFIGURATION 

by 

Juan  R.  Sans  Aguilar 
December  2007 

Thesis  Advisor:  W.  B.  Colson 

Second  Reader:  J.  Blau 


Free  electron  lasers  (FEI/s)  are  devices  used  worldwide 
for  several  purposes.  In  the  military,  especially  in  the 
Navy,  they  can  be  used  for  self-defense  against  missiles, 
and  small  boats.  Installed  on  a  ship,  an  FEL  represents  a 
multi-mission,  deep  magazine,  long  range  weapon.  This  thesis 
will  describe  briefly  the  basic  components  and  principles  of 
operation.  It  also  explores,  by  simulations,  the  effects  of 
changing  some  of  the  parameters  that  generate  the  laser 
beam . 
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FREE  ELECTRON  LASER  ANALYSIS  FOR  THE 
INNOVATIVE  NAVY  PROTOTYPE 

by 

Darin  S.  Smith 
March  2008 

Thesis  Advisor:  William  B.  Colson 

Co- Advisor:  Joseph  Blau 


Free  Electron  Lasers  are  the  focus  of  a  recently  announce  Innovative  Navy 
Prototype  to  develop  a  directed  energy  weapon  system  for  the  self-defense  of  ships. 
Operating  in  a  shipboard  environment  poses  several  challenges  that  must  be  overcome. 
Short  Rayleigh  length  systems  offer  solutions  to  some  of  these  problems.  Simulations 
were  performed  to  examine  the  benefit  of  short  Rayleigh  length  designs  in  the  face  of 
electron  beam  misalignment.  Additionally,  simulations  were  performed  to  explore  the 
effect  of  quadrupole  misalignment  on  electron  beam  position  and  trajectory,  and 
ultimately  on  FEL  performance. 


Normalized  extraction  versus  horizontal  and  vertical  shift. 


Normalized  extraction  versus  horizontal  and  vertical  tilt. 
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PHYSICAL  REVIEW  SPECIAL  TOPICS  -  ACCELERATORS  AND  BEAMS  11,  090701  (2008) 


Short  Rayleigh  length  free  electron  laser:  Experiments  and  simulations 

P.  P.  Crooker,  W.  B.  Colson,  J.  Blau,  D.  Burggraff,  and  J.  Sans  Aguilar 

Physics  Department ,  Naval  Postgraduate  School,  Monterey,  California  93943,  USA 

S.  Benson,  G.  Neil,  M.  Shinn,  and  P.  Evtushenko 

Thomas  Jefferson  National  Accelerator  Laboratory,  Newport  News,  Virginia  23606,  USA 
(Received  31  January  2008;  published  17  September  2008) 

We  report  experiments  at  Jefferson  National  Accelerator  Facility  (Jlab)  and  computer  simulations 
performed  at  the  Naval  Postgraduate  School  (NPS)  designed  to  probe  the  small  Rayleigh  length  regime. 
We  compare  the  gain,  power,  and  sensitivity  to  mirror  and  electron  beam  misalignments  as  a  function  of 
decreasing  Rayleigh  length.  The  agreement  is  quite  good,  with  experiments  and  simulations  showing 
comparable  trends  as  the  Rayleigh  length  is  decreased.  In  particular,  we  find  that  the  gain  and  power  do 
not  decrease  substantially  at  short  Rayleigh  length,  contrary  to  a  common  Gaussian-mode  filling  factor 
argument.  Within  currently  achievable  alignment  tolerances,  the  gain  and  power  are  still  acceptable  for 
FEL  operation. 
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FIG.  1.  Simulations  of  weak-field  gain  versus  normalized  zo 
for  increasing  values  of  G0.  The  dashed  curve  is  the  gain 
predicted  by  Eq.  (1). 


FIG.  2.  Dependence  of  gain  on  normalized  Rayleigh  length  z0- 
The  dashed  line  is  derived  from  Eq.  (1).  The  dotted  line  is  the 
cavity  loss  due  to  output  coupling  (5.9%);  the  gain  must  at  least 
overcome  this  loss.  The  dimensional  Rayleigh  length  at  zo  =  1  is 
Z0  =  1.65  m. 


FIG.  4.  Dependence  of  output  power  in  a  macropulse  on  z0-  ^rror  ^  at  HWHM  gain  versus  z0* 
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